Abstract-This paper presents the design and simulation of a 5-bit RF MEMS digital variable capacitor with high capacitance ratio (Cr) of 43 using SU-8 material. The proposed design implements five capacitive shunt switches over a coplanar waveguide (CPW) line. A novel horizontal truss fixed-fixed beam design is proposed to achieve RF power handling up to 2.2W. The simulated pull in and lift off voltages are 24.3V and 16V respectively. The contact area of the capacitor between the beams and the CPW line are varied in a binary configuration to realise 32 capacitance steps ranging from 84.5fF to 3.68pF (Cr=43). In order to increase the capacitance ratio of the varactor, SU-8 polymer has been utilised to form the base structure of the capacitor due to its low dielectric constant ( =4) hence reducing the overall minimum capacitance (Cmin). Moreover, the inclusion of semi-elliptical slot at the ground of CPW and variable sizes of CPW line further reduce the parasitic capacitance. To improve the reliability of the proposed variable capacitor design, a new Aluminium (Al) stopper design is employed to prevent contact between the beams and pulldown electrodes. A 2µm thick Aluminium layer is implemented as a CPW. Aluminum is also used to implement a 2µm beam structure to improve the Q-factor. A 0.25µm of silicon nitride (Si3N4) is used as the dielectric layer. The overall size of the varactor is 740μm × 653μm.
I. INTRODUCTION
Rapid progress in wireless communication technology in recent years demands dealing with multiple bands. Multiband and reconfigurable RF front end components must also fit into a compact size device. In the RF transceiver part, tuning and reconfigurable elements such as tunable filters, matching networks and phase shifters play an important role to support multi-frequency bands without increasing the overall size of the wireless devices. Variable capacitors are one of the key components used in these systems. Commercially available solid state varactors such as p-n junction diodes and Schottky diodes offer wide tuning range, small size and very fast tuning speed [1] [2] . However, they suffer from low power handling, low-Q factor, non-linearity effect, and high loss especially at high frequency bands. With the advent of the MEMS (MicroElectro Mechanical System) technology, MEMS based varactors are seen as a potential solution to replace solid state varactors. The main advantages of MEMS varactors over the conventional solid state technology are low loss, zero power consumption (electrostatic actuation), high-Q factor and high linearity with respect to RF power [1] [5] . One of the limitations that hampers the performance of analog designs is its low tuning ratio due to pull-in effect. This phenomena can be explained by the mechanical instability between electrostatic forces and restoring forces of the varactor structure, which cause the metal bridge to snap down when it reaches one third of the air gap [3] [4] . One way to obtain a higher capacitance range is by employing digital type MEMS varactors or switched capacitor banks [5] [6] . However, the capacitance ratio of the digital design is still limited by a high minimum capacitance (Cmin) value originating from the fringing field and parasitic capacitance due to the silicon substrate.
SU-8 material is a negative, epoxy based photoresist designed for micromachining and other microelectronic applications, where a thick chemically and thermally stable structure is required. Due to its high resistivity, a 26μm thick SU-8 layer was used to elevate a co-planar waveguide transmission line above low resistivity silicon substrate (ρ˂100Ω cm) for realising a low loss transmission line [7] . In [8] , SU-8 has been used as a lateral support for RF MEMS switch and sacrificial layer.
In this paper, a high tuning range 5-bit digital MEMS varactor utilising SU-8 material is proposed. SU-8 ( =4) is used to separate the varactor and the silicon wafer to reduce the parasitic capacitance and the series resistance of the design. A novel horizontal truss fixed-fixed beam design is proposed resulting in pull-in and lift off voltage of 24.3V and 16V respectively. The total number of capacitance steps of 32 is achieved by employing 5 capacitive shunt switches. To improve the reliability of the design, a new stopper design is proposed to prevent direct contact between the actuator pad and the beam, which could lead to dielectric charging effect. The simulation results show a capacitance ratio of 43 which is ranging from 84.5fF to 3.68pF and Q-factor performance in the range of 78.4 to 540 across the capacitance steps.
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II. DESIGN AND SIMULATION OF THE MEMS VARACTOR
Digital MEMS varactors operate as a typical MEMS capacitive switch based on mechanical movement in lateral or vertical direction to achieve ON and OFF states [1] . Normally, an array of shunt switches consists of thin metal membrane suspended over the centre conductor of a co-planar waveguide (CPW). Both ends are fixed to the ground to realize a digital varactor design. The bottom electrode under the beam provides the electrostatic actuation while RF capacitance is created between the suspended beam and the transmission line. The minimum capacitance is obtained when all the switches are in the upstate position; while the maximum value is achieved when all the beams are pulled down. The minimum capacitance during upstate condition, can be calculated as in equation (1) [1].
=
(1) Where = 8.854 × 10 is the permittivity of free space, A is the contact area of the both plates, is the initial gap, is the dielectric thickness, and is relative dielectric constant. While for the maximum capacitance of the varactor in the downstate position, is given by equation (2) [1].
The overall capacitance ratio of a digital varactor is defined as The RF MEMS varactor was developed to achieve a high tuning range and Q-factor by utilising SU-8 technology. The parasitic capacitance is reduced by elevating the varactor from the silicon substrate by coating the substrate with 25.35µm SU-8 material (Figure 1 ), thus greatly increasing the tuning range. Apart from that, SU-8 is also used as the lateral support for the beams of the varactor [8] . In addition, due to high resistivity characteristic of the SU-8 material, the use of low resistivity silicon is possible. This would provide potential cost saving for the proposed varactor design. For medium and high power applications, a very low pull-in voltage varactor design cannot be used. As such, a novel horizontal truss aluminium beam with thickness of 2μm is proposed as shown in Figure 1 . It is expected that the spring constant of the beam would lie between fixed-fixed flexure (k = 0.663N/m) and solid beam structure (k = 5.3N/m).
One of the major failures of RF MEMS varactors is stiction due to dielectric charging effects. To increase the reliability of the varactor, a side pull-down configuration and a new stopper design is implemented. The design of the stopper is shown in Figure 2 . A gap of 0.5μm exists between the actuator pad and the top beam in the downstate position thus preventing direct contact between them. The semi-elliptical slot at the ground further reduces the parasitic capacitance. The summary of the proposed design parameters are shown in Table I .
III. RESULTS AND DISCUSSIONS
The simulation tool Coventorware 2008 is used for the mechanical simulation of the proposed fixed-fixed beam. The Figure 3 was analysed in the software to calculate the pull-in and lift off voltage. In order to obtain similar pull in voltage for all beams, a 50µm width for all the beams have been selected. In this work, the performance of truss beam was analysed based on two conditions: 1) an ideal condition where the residual stress is set to 0MPa and 2) a residual stress of 100MPa was applied on the aluminium beam in X and Y axis. Residual stress can be defined as stresses that remain in a material or structure after the fabrication processes in the absence of external forces or thermal gradient. As for the detection of pull-in voltage, an incremental positive bias voltage was applied at the pulldown pad while DC potential of the signal line is kept at 0V. In the boundaries setting, both ends of the beam's anchor were fixed. Figure 3 shows the deformation of the beam in the downstate position which shows that the bottom of the beam completely touches the top surface of the dielectric layer. Figure 4 shows the beam was pulled down towards the centre conductor at 24.3V for condition 1 and 31V for condition 2. On the other hand, the lift off analysis was conducted by decreasing the voltage from 26V until the beam was released to its initial up-state position. Figure 5 shows the lift off occurred when the voltage is 16V for condition 1 mean while for condition 2, the lift off occur at 22.5V as shown in Figure 6 .
Further simulation on the von Mises stress was undertaken in order to investigate the stress on the beam during actuation. This analysis is important to ensure the beam structure can withstand the applied force. Figure 7 The RF performance of the design has been analysed using a full wave simulator, CST Microwave Studio. A high resistivity silicon substrate, σ = 0.01S/m (ρ = 10k Ω.cm) was used to improve the RF performance of the proposed varactor. Based on the Smith chart in Figure 9 , capacitance values and the Q factor of the varactor can be extracted from the S11 plot using equation (4) and (5)
The power handling capability of the varactor is calculated by simulating the pull-in voltage, between the beam and the center conductor for the largest switch size. The maximum RF power before self-actuation is calculated using equation (6) Where P is the incident RF power, is the characteristic impedance of the line. The simulated is 10.5V and the calculated maximum RF power is 2.2 W.
The simulated Cmin and Cmax values are 84.5fF and 3.68pF respectively thus resulting in a tuning ratio of 43. The Q-factor of the varactor for Cmin and Cmax are 540 and 78.4 respectively. There are 32 capacitance steps which change linearly from 84.5fF to 3.68 pF with an incremental capacitance step of 0.11pF at 2.45GHz as demonstrated in Figure 10 . For a comparison, the varactor design was simulated without the SU-8 layer and the performance of both designs are compared in Table III . The results show that, by implementing SU-8 between silicon wafer and MEMS varactor, the capacitance ratio has increased from 26 to 43. 
IV. PROPOSED FABRICATION PROCESS FOR MEMS DIGITAL VARACTOR
With the aid of Coventorware software, the fabrication process for the proposed varactor design are constructed. The fabrication process of the MEMS varactor composes of several steps described using the following diagrams. There are seven masks needed during the fabrication process. The purpose of these are also described below: This paper has presented the design and simulation of a 5 bit MEMS varactor for wireless applications. In this paper, we have demonstrated that by developing SU-8 as a base structure to separate the varactor and the silicon substrate, a high tuning range MEMS varactor can be achieved. Moreover, high Qfactor was obtained due to high resistivity characteristic of SU-8 material. The proposed varactor design could be applied to reconfigurable and multi-band RF front end components such as tunable filters, impedance matching networks and phase shifters.
